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ABSTRACT ARTICLE HISTORY 
This study develops a compact empirical model for maximum bed scour in an unobstructed 
mobile-bed open channel. Experiments were conducted in a 9 m flume using a 3×3 matrix 
that combined discharges of 0.0026, 0.0034, and 0.0045 m³ s⁻¹ with nominal grain sizes of 
2.36, 1.18, and 0.85 mm. Final bed change was measured at 20 sections and seven 
transverse points for each condition, providing 1,260 spatial observations. Maximum scour 
increased from 0.8 to 4.5 cm, while the proportion of scoured observation points rose from 
19.3% to 100%. The additive relation dₛ(cm)=1.272+0.883Q*−1.037d* explained 93.5% of 
the fitted variance and retained R²=0.843 under leave-one-condition-out cross-validation, 
with RMSE=0.394 cm. A particle-densimetric-Froude formulation produced a very strong fit 
on the normalized response scale but only a marginal reduction in cross-validated error after 
back-transformation. Discharge and grain size therefore acted as comparably strong 
controls in opposite directions within the tested range. The proposed relation is intended 
for interpolation within this experimental domain rather than as a universal design equation.  
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1. Introduction 

Mobile beds adjust whenever the hydraulic forces acting at 
the sediment–water interface become large enough to 
entrain, translate, or suspend grains. The resulting response 
is not limited to a change in bed elevation at one point: it 
may involve a redistribution of sediment over the reach, a 
shift from local deposition to generalized degradation, and 
the development or migration of bedforms. Field evidence 
shows that sediment deficits and altered flow regimes can 
accelerate downstream channel deformation, while flood 
magnitude can control the spatial extent of incision in steep 
alluvial channels [1,2]. Numerical studies of erodible 
channels similarly represent flow and sediment continuity 
as a coupled system in which hydraulic state and bed 
elevation evolve together [3-5]. These studies establish the 
broader morphodynamic setting for the present work: 
maximum scour is an outcome of a distributed flow–
sediment interaction rather than an isolated geometric 
quantity. 

For a non-cohesive bed, discharge and particle size 
provide two direct ways of changing that balance. Increasing 
discharge generally raises the capacity of the flow to do work 
on the bed, whereas increasing grain size increases particle 
resistance and can alter packing, exposure, and surface 
roughness. Recent studies show that sediment 
characteristics influence transport capacity [6], that non-
uniform particle distributions modify sediment organization 
in open-channel flow [7], and that erosion thresholds in 
sand–silt mixtures vary with composition and hydraulic 
state [8,9]. Channel-scale experiments also demonstrate that 
armoring, roughness, and grain-size uniformity modify the 

stability of an erodible surface [10,11]. Nominal diameter is 
therefore a useful experimental control, but it should not be 
mistaken for a complete description of sediment resistance. 

The near-bed mechanism is further complicated by 
turbulence and three-dimensional flow organization. In 
open-channel confluences, secondary circulation and 
organized near-bed motion can focus erosion even when 
bulk flow variables appear modest [12]. Numerical work 
shows that discharge ratios alter vorticity and mixing 
structures that can promote mid-channel scour [13], while 
measurements over mobile dunes associate high Reynolds 
shear stress and coherent sweep or ejection events with 
active sediment entrainment and bedform migration [14,15]. 
Direct experimental observations likewise link turbulent 
structure to the developing scour topography [16] and show 
that suspended-sediment pathways in confluences have 
substantial three-dimensional structure [17]. A model based 
only on discharge and grain size cannot resolve these 
processes, but it can provide a transparent baseline against 
which their additional explanatory value can later be tested. 

Much of the contemporary scour literature addresses 
local scour produced by a discrete obstruction. Bridge piers, 
abutments, spur dikes, longitudinal walls, and buried 
infrastructure generate separation, downflow, horseshoe 
vortices, and wake structures that differ fundamentally from 
distributed boundary forcing over an unobstructed reach. 
Laboratory studies have demonstrated strong geometry 
effects for tandem piers and spur dikes [18,19], and 
countermeasure studies show that changes in local flow 
structure can substantially reduce scour around abutments 
and training walls [20,21]. Grain-size distribution and pier 
geometry also affect the depth and position of local scour 
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[22], while controlled cable-burial experiments show an 
increase in scour rate with increasing flow intensity across 
several sediment sizes [23]. 

Recent laboratory work provides a useful comparison 
while reinforcing this distinction. In open-channel pier 
experiments, greater discharge was accompanied by greater 
unprotected scour, whereas porous underwater deflectors 
reduced near-bed velocity and scour depth [24]. A 
companion study quantified substantial reductions in mean 
velocity after installation of a reinforced porous cylindrical 
deflector [25]. These findings support the physical 
importance of discharge and velocity, but their response is 
structure-induced. The present experiment contains no pier, 
abutment, culvert, or deflector in the measurement reach. Its 
purpose is therefore different: to isolate the coupled 
influence of discharge and nominal grain size on maximum 
scour generated by an unobstructed mobile bed. 

A second question concerns how much model 
complexity is justified by a small factorial experiment. 
Coupled depth-averaged and meshless sediment models can 
reproduce erosion and bed evolution under rapidly varying 
flow [3,26], while inverse modeling and data assimilation can 
improve representation of movable-bed hydraulics when 
richer observations are available [27,28]. Physically 
informed dimensional reduction has also been proposed as 
a way to retain interpretability before applying high-
flexibility predictive methods [29]. In parallel, scour-
prediction studies increasingly use external or holdout 
validation rather than reporting fitted R² alone [30,31]. For 
the present nine-condition matrix, this literature argues for 
a deliberately low-parameter model and a validation scheme 
that respects the treatment structure of the experiment. 

The available dataset contains 140 final bed-elevation 
observations for each of nine discharge–grain-size 
combinations. Those 1,260 spatial values describe bed 
morphology in detail, but they do not constitute 1,260 
independent treatment replications because each set of 140 
points shares a common run and hydraulic history. The 
statistical unit for a maximum-scour model is therefore the 
experimental condition, not the individual bed point. This 
distinction is important in small flume studies: dense spatial 
sampling improves description of morphology, whereas 
predictive uncertainty still depends on the number of 
independent hydraulic treatments. The analysis 
consequently uses the nine conditions for model estimation 
and leave-one-condition-out cross-validation, while the full 
spatial grid is retained to describe the expansion of 
degradation across the bed. 

The study has four objectives. First, it quantifies 
maximum scour and the proportion of scoured observation 
points across the 3×3 experimental matrix. Second, it 
examines end-of-run hydraulic descriptors to determine 
whether changes in flow regime accompany the bed 
response. Third, it estimates an additive discharge–grain-
size model and compares it with a multiplicative power 
relation and a particle-densimetric-Froude formulation. 
Fourth, it evaluates predictive stability through leave-one-
condition-out cross-validation and a source-data audit. The 
working hypothesis is that maximum scour increases with 
discharge and decreases with grain size, with both effects 
remaining identifiable when estimated simultaneously. A 
related hypothesis is that normalization by grain size and Frₚ 

will reduce part of the apparent two-factor structure. The 
contribution is a compact, testable baseline for an 
unobstructed mobile bed, together with explicit limits on 
the interpretation of a model derived from only nine 
independent conditions. 

2. Methods 

2.1 Experimental facility and design  

The experiments were conducted in the Hydrology 
Laboratory, Faculty of Engineering, Universitas 
Muhammadiyah Makassar. The physical model was a 9.00 m 
open-channel flume with a bed width of 0.30 m and a 
channel height of 0.40 m. The working bed consisted of a 
nominal 0.10 m layer of non-cohesive granular material. 
Before each run, the channel was cleaned, the sediment 
layer was levelled, and the hydraulic system was operated to 
establish the prescribed discharge. The source 
documentation describes a recirculating arrangement with 
upstream and downstream storage and an energy-
dissipation section. 

A complete 3×3 matrix crossed three discharges, 
Q=0.0026, 0.0034, and 0.0045 m³ s⁻¹, with three nominal 
sediment diameters, d=0.00236, 0.00118, and 0.00085 m. The 
sediment density used in the reconstructed calculations was 
approximately 2,650 kg m⁻³, and water density was taken as 
1,000 kg m⁻³. Each condition was maintained for 24 min 
(1,440 s). Mean velocity and water depth were observed at 
480, 960, and 1,440 s; the final bed surface was measured 
after shutdown and drainage. No independent repeat runs 
are documented for each cell of the factorial matrix. The 
nine discharge–grain-size combinations are therefore 
treated as the independent experimental units for model 
development. 

2.2 Bed-change reconstruction and response 

variables 

For each condition, final bed-elevation change was recorded 
at 20 longitudinal sections and seven transverse observation 
points, giving 140 values per run and 1,260 values across the 
full matrix. The original sign convention was preserved: 
negative values indicate degradation, positive values 
indicate deposition, and zero indicates no measured change. 
Maximum scour depth, dₛ, was defined as the absolute value 
of the most negative bed-elevation change in each 
condition, dₛ=|min(Δz)|. Maximum deposition, mean bed 
change, the number of negative, positive, and unchanged 
points, and the percentage of scoured observation points 
were also recalculated from the 140 values. 

Maximum scour and spatial prevalence were kept as 
separate descriptors. The maximum is an extreme statistic 
that identifies the deepest measured degradation but is 
sensitive to one observation point. The scoured-point 
percentage indicates how widely negative bed change is 
distributed over the measurement grid. Because the physical 
area represented by each point was not documented well 
enough for rigorous areal weighting, this percentage is 
interpreted only as the fraction of sampled locations that 
experienced scour. It is not reported as an eroded-area 
percentage or a volumetric sediment balance. 



JOURNAL OF GREEN COMPLEX ENGINEERING 
    81 

 

 

2.3 Hydraulic descriptors and candidate models 

End-of-run hydraulic descriptors at t=1,440 s included mean 
velocity V, water depth h, Froude number Fr, and Reynolds 
number Re. The source-calculated Fr and Re values were 
retained because the available documentation does not 
preserve every intermediate hydraulic-geometry 
convention needed to reproduce them unambiguously. 
Their reported ranges were 0.819–1.400 for Fr and 
approximately 5.12×10⁴–1.16×10⁵ for Re. The particle 
densimetric Froude number, Frₚ, was recomputed from 
quantities available consistently across the nine conditions 

as Frₚ=V/[g((ρₛ−ρw)/ρw)d]¹ᐟ², where g=9.81 m s⁻², ρₛ=2,650 kg 
m⁻³, ρw=1,000 kg m⁻³, and d is nominal particle diameter. 
Boundary shear is an important driver of sediment motion in 
rectangular open channels [32], but the source shear 
calculations contained unresolved slope and classification 
inconsistencies; they were therefore excluded from the 
predictive models rather than used as uncertain derived 
inputs. 

The primary model was an additive relation between 
maximum scour and the two experimentally controlled 
factors: dₛ(cm)=a+bQ*+cd*, with Q*=Q/10⁻³ and d*=d/10⁻³. 
The scaling only changes coefficient interpretation. The 
discharge coefficient represents the change in maximum 
scour for a 0.001 m³ s⁻¹ increase in Q at fixed grain size, while 
the grain-size coefficient represents the change for a 1 mm 
increase in d at fixed discharge. A multiplicative alternative, 
dₛ(cm)=α(Q*)ᵝ(d*)ᵞ, was estimated by ordinary least squares 
after log transformation. A third formulation used 
normalized scour, dₛ/d=A+BFrₚ. The latter was assessed both 
on the ratio scale and after predictions were converted back 
to centimetres because d occurs in both dₛ/d and Frₚ and can 
therefore contribute shared mathematical structure to the 
fitted correlation. Similar caution about separating 
combined dimensionless effects from their component 
influences has been raised in mobile-bed scour analysis [33]. 

2.4 Validation, diagnostics, and data audit 

Model performance was summarized with R², root mean 
square error (RMSE), mean absolute error (MAE), and mean 
absolute percentage error (MAPE). Adjusted R² was also 
calculated for the primary linear model. Predictive 
performance was evaluated by leave-one-condition-out 
cross-validation (LOOCV): each of the nine treatment 
combinations was omitted once, the model was fitted to the 
remaining eight conditions, and the omitted maximum scour 
was predicted. The pooled nine out-of-sample predictions 
were then used to calculate cross-validated R², RMSE, MAE, 
and MAPE. This procedure avoids a random split that would 
be unstable at n=9 and prevents the 140 within-run bed 
measurements from being treated as independent replicates. 

For the additive model, conventional coefficient 
confidence intervals were accompanied by residual and 
influence screening. Residual normality was checked with 
the Shapiro–Wilk test, heteroscedasticity with the Breusch–
Pagan test, collinearity with variance inflation factors, and 
influence with Cook’s distance. A leave-one-condition-out 
coefficient sensitivity analysis recorded the fitted discharge 

and grain-size slopes in all nine refits. These diagnostics are 
interpreted descriptively because formal tests have limited 
power with nine observations. The intent is to identify 
obvious instability rather than to claim strong asymptotic 
inference. 

A source-data audit preceded interpretation. Two pairs 
of 20×7 bed-change arrays are exact duplicates although 
they are assigned to different treatment combinations. Three 
narrative maximum-scour values also differ from the 
extrema contained in the corresponding tables, and the 
finest sediment is labeled 0.00085 and 0.00086 m in different 
locations. The analysis follows the numerical bed-change 
tables, uses 0.00085 m consistently for the finest nominal 
diameter, and excludes the disputed shear-stress chain. 
These conventions preserve a reproducible analytical path 
while acknowledging that corrected laboratory records 
could change the numerical coefficients. The audit is 
therefore part of the model’s uncertainty statement, not a 
post hoc editorial adjustment. 

3. Results and Discussion 

3.1 Hydraulic regime and spatial bed response 

The end-of-run hydraulic measurements describe a 
consistent rise in flow intensity across the treatment matrix. 
For the coarsest bed (d=2.36 mm), mean velocity increased 
from 0.65 to 0.82 m s⁻¹ as discharge rose from 0.0026 to 0.0045 
m³ s⁻¹. The corresponding range was 0.79–0.93 m s⁻¹ for 
d=1.18 mm and 0.89–1.22 m s⁻¹ for d=0.85 mm. Water depth 
varied more modestly, from 0.095 to 0.126 m. All reported 
Reynolds numbers were turbulent under the source 
classification. The reported Froude number increased from 
0.819 in the low-discharge/coarse-bed condition to 1.400 in 
the high-discharge/fine-bed condition, so the matrix 
crosses from subcritical or near-critical flow into 
supercritical states. This transition is relevant because 
laboratory studies show that changes in Froude regime can 
accompany pronounced changes in flow organization and 
sediment-control performance; for example, a recent beam-
type sabo-dam experiment reported systematic Froude 
changes as slope altered the hydraulic state [34]. In a 
different setting, Barahimi and Sui found Froude number to 
be an important control on maximum scour under open-
flow conditions around vegetation elements [35]. 

Table 1 summarizes the nine treatment conditions and 
makes the coupled response visible. Maximum scour rose 
monotonically with discharge at every grain size and 
decreased monotonically with grain size at every discharge. 
The smallest value, 0.8 cm, occurred at Q=0.0026 m³ s⁻¹ and 
d=2.36 mm; the largest, 4.5 cm, occurred at Q=0.0045 m³ s⁻¹ 
and d=0.85 mm. The table also shows that the response was 
not limited to the single deepest point. The percentage of 
scoured observation locations increased from 19.3% in the 
least erosive condition to 100% in the most erosive 
condition. Figure 1 visualizes the same treatment structure: 
all three grain-size curves rise with discharge, while the 
finer-bed curves remain above the coarser-bed curve over 
the measured range. 
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Table 1.  Experimental matrix, end-of-run hydraulics, and maximum-scour response. 

Q (10⁻³ m³/s) d (mm) V (m/s) h (m) Fr Re (×10⁴) Frₚ dₛ (cm) 
Scoured 

points (%) 

2.6 2.36 0.65 0.095 0.819 5.12 3.326 0.8 19.3 
3.4 2.36 0.71 0.108 0.851 6.04 3.633 2.2 73.6 
4.5 2.36 0.82 0.108 0.985 6.99 4.195 2.9 93.6 
2.6 1.18 0.79 0.099 0.981 6.30 5.716 2.2 73.6 
3.4 1.18 0.89 0.113 1.055 7.83 6.440 2.9 93.6 
4.5 1.18 0.93 0.119 1.081 8.37 6.729 3.6 99.3 
2.6 0.85 0.89 0.101 1.098 7.22 7.588 2.9 95.7 
3.4 0.85 0.98 0.115 1.161 8.74 8.355 3.6 99.3 
4.5 0.85 1.22 0.126 1.400 11.65 10.401 4.5 100.0 

Note. Hydraulic variables are values at t=1,440 s; maximum scour and scoured-point percentages were recalculated from the 20×7 bed-change tables. 

Source: experimental data 

 

Figure 1.  Maximum scour depth as a function of discharge for each 
nominal sediment grain size. Source: experimental data 

The spatial statistics reveal a change in bed state rather 
than only a change in an extreme value. At Q=0.0026 m³ s⁻¹ 
and d=2.36 mm, 27 of 140 points were scoured, 89 showed 
deposition, and 24 were unchanged; the mean bed change 
was +0.419 cm. Increasing discharge to 0.0034 m³ s⁻¹ at the 
same grain size raised the scoured fraction to 73.6% and 
shifted the mean to −0.764 cm. At the highest discharge, 
93.6% of the points were scoured and the mean change was 
−1.410 cm. Finer sediment produced the same shift at lower 
discharge. With d=0.85 mm and Q=0.0026 m³ s⁻¹, 95.7% of 
observations were already negative. Under Q=0.0045 m³ s⁻¹ 
and d=0.85 mm, all 140 observations showed degradation 
and the mean bed change reached −2.821 cm. 

Figure 2 provides the two-dimensional view for that most 
erosive condition. The reconstructed surface is negative 
throughout the sampled grid, with the deepest tabulated 
value of −4.5 cm at section 18, observation point 10. The later 
section indices contain a cluster of relatively deep negative 
values, indicating that the maximum is embedded within a 
broader zone of degradation rather than appearing as an 
isolated outlier. This distinction matters when maximum 
scour is used as the modeled response. A point maximum 
can be sensitive to measurement spacing, whereas the 
spatial field shows whether the same condition also 
produces a coherent morphological response. High-
resolution river monitoring has increasingly been used to 
capture this type of bedform and morphodynamic 
variability [36], and controlled alluvial-channel experiments 
show that evolving morphology may retain sensitivity to 
geometry and initial conditions [37]. 

 

Figure 2.  Bed-elevation change for Q=0.0045 m³ s⁻¹ and d=0.85 mm 
after 1,440 s. Negative values denote scour; the deepest tabulated 
value is −4.5 cm at section 18, observation point 10 
Source: experimental data 

 

The grain-size contrast was most pronounced in relative 
terms at low discharge. At Q=0.0026 m³ s⁻¹, reducing d from 
2.36 to 0.85 mm increased maximum scour from 0.8 to 2.9 cm, 
a 262.5% rise. At Q=0.0045 m³ s⁻¹, the same grain-size contrast 
increased scour from 2.9 to 4.5 cm, or 55.2%. This does not 
establish a statistical Q×d interaction because independent 
run replication is absent, but it suggests that relative 
sensitivity is strongest near the low-forcing edge of the 
tested domain. Near-critical mobility experiments show that 
modest changes in local forcing can alter sediment-flux 
directionality [38], and fine sediment over a coarse bed can 
pass through distinct erosion regimes as sheltering and 
turbulence change [39]. The present pattern is therefore 
consistent with threshold-sensitive behavior even though 
the empirical model is intentionally linear on the centimetre 
scale. 

3.2 Additive discharge–grain-size model  

The additive fit to the nine condition-level maxima was 
dₛ(cm)=1.272+0.883Q*−1.037d*, where Q*=Q/10⁻³ and 
d*=d/10⁻³. The coefficient signs match the experimental 
hypothesis. Holding grain size constant, an increase of 0.001 
m³ s⁻¹ in discharge corresponds to an estimated 0.883 cm 
increase in maximum scour. Holding discharge constant, a 1 
mm increase in nominal grain size corresponds to an 
estimated 1.037 cm decrease. The model explained 93.5% of 
the observed variance (adjusted R²=0.913), with an in-sample 
RMSE of 0.254 cm, MAE of 0.230 cm, and MAPE of 11.13%. 

The standardized coefficients were +0.691 for discharge 
and −0.676 for grain size. Their similar absolute magnitudes 
are more informative than either raw coefficient alone 
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because the predictors have different physical units. Within 
the experimentally covered ranges, neither factor behaves as 
a minor correction. The discharge span produces a scour 
response comparable in magnitude with the response 
generated by the 0.85–2.36 mm grain-size span. This 
balanced two-factor result is compatible with broader 
evidence that bed-material properties can be as important 
as hydraulic forcing in setting the morphological response. 
Hakim Safi and Mohapatra showed that bed material and 
downstream flow depth jointly influence bed evolution in an 
open-channel confluence [40], while numerical sheet-flow 
analysis demonstrates that grain size changes particle and 
fluid velocities as well as transport structure [41]. 

The positive discharge effect also agrees with the 
direction observed in structure-induced scour, without 
implying that the mechanisms are identical. Baharuddin et 
al. reported greater unprotected local scour at higher 
discharge around a cylindrical pier [24]. In the present 
unobstructed bed, the same direction emerges without a 
pier-generated horseshoe vortex. The implication is 
narrower: higher bulk forcing increased both the deepest 
measured degradation and the spatial prevalence of negative 
bed change. The model therefore captures a reach-scale 
treatment effect, not a transferable bridge-scour coefficient. 

The negative grain-size coefficient should likewise be 
interpreted as an operational relationship within the tested 
material range. Field mapping of large rivers shows that 
grain-size patterns covary with transport conditions and 
spatial setting [42], while experiments and numerical work 
on non-uniform sediment emphasize that full gradation can 
materially affect model behavior [43]. The present 
coefficient consequently summarizes three nominal sieve-
based treatments; it does not substitute for a gradation-
dependent entrainment law. A stronger follow-up 
experiment should report full particle-size distributions, 
surface sorting, and any armoring that develops during the 
run. 

Residual screening did not identify a gross departure 
from the additive model, but the sample size limits what can 
be inferred. The Shapiro–Wilk test gave p=0.575 and the 
Breusch–Pagan test p=0.655. Variance inflation factors were 
1.00 because Q* and d* are orthogonal in the complete 3×3 
design. The largest Cook’s distance was 0.598 for the low-
discharge/coarse-bed corner, greater than the common 4/n 
screening value. Importantly, omitting each condition in 
turn did not reverse either slope: the discharge coefficient 
ranged from 0.783 to 0.995 cm per 0.001 m³ s⁻¹, and the grain-
size coefficient from −1.168 to −0.893 cm per millimetre. The 
exact coefficients remain uncertain, but the directional 
result is not created by one condition. 

3.3 Cross-validation and comparison of 
candidate models 

Figure 3 compares the observed maximum scour with the 
nine LOOCV predictions from the additive model. Each 
plotted prediction was generated by a model that did not 
include that treatment condition during fitting. The points 
remain close to the 1:1 line, but the spread is visibly larger 
than would be inferred from the fitted R² alone. Cross-
validated R² was 0.843, with RMSE=0.394 cm, MAE=0.353 cm, 
and MAPE=18.24%. The increase in RMSE from 0.254 cm in 
sample to 0.394 cm under LOOCV is a direct estimate of 
calibration optimism. For a nine-condition dataset, that 
difference is scientifically more useful than presenting 0.935 
as if it were an independent prediction statistic. 

 

Figure 3.  Observed maximum scour versus leave-one-condition-out 
cross-validated predictions from the additive discharge–grain-size 
model. The dashed line is the 1:1 line. 
Source: experimental data and model results. 

Table 2 places this result beside the two alternative 
formulations. The power model, dₛ(cm)=0.615(Q*)¹·³⁴⁵(d*)⁻⁰·⁷²⁴, 
retained physically plausible coefficient directions but had 
poorer performance: fitted R²=0.822 and RMSE=0.419 cm, 
deteriorating to cross-validated R²=0.487 and RMSE=0.713 
cm. The additional multiplicative curvature therefore does 
not improve prediction in the available matrix. This result 
does not imply that scour is fundamentally additive outside 
the experiment. It indicates only that a more flexible 
response form is not supported strongly enough by nine 
treatment points to justify its extra sensitivity. 

Table 2. In-sample and leave-one-condition-out performance of the candidate empirical models. Source: model results. 

Model Equation R² 
RMSE 
(cm) 

MAE 
(cm) 

MAPE 
(%) 

LOOCV 
R² 

LOOCV 
RMSE (cm) 

Linear Q–d dₛ=1.272+0.883Q*−1.037d* 0.935 0.254 0.230 11.13 0.843 0.394 

Power Q–d dₛ=0.615(Q*)¹·³⁴⁵(d*)⁻⁰·⁷²⁴ 0.822 0.419 0.361 15.89 0.487 0.713 

Frₚ model dₛ/d=−17.873+6.899Frₚ 0.913† 0.293 0.258 13.49 0.850 0.385 

Note. 𝑄∗ = 𝑄/10−3and 𝑑∗ = 𝑑/10−3. †R² for the Frₚ model is reported after back-transformation to scour depth for dimensional comparability; the ratio-scale R² for 

𝑑𝑠/𝑑is 0.98 

The preference for a parsimonious baseline is consistent 
with recent predictive work in hydraulic engineering. Large 

scour datasets can support more flexible ensemble or 
machine-learning models when training, testing, and 
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validation samples are genuinely separate [30,31]. In small 
experiments, by contrast, additional model complexity can 
convert orderly treatment spacing into apparently 
impressive fit without improving generalization. Data-
assimilation and inverse-model approaches offer 
substantial benefits when observations are sufficiently rich 
[27,28], but a low-parameter equation remains useful as a 
benchmark for judging whether that complexity earns a 
predictive gain. 

Laboratory-to-model studies also illustrate the value of 
richer validation data. Ennazii et al. combined repeated 
measurements and two-phase modeling to examine open-
channel bed erosion and bed evolution [44]. Improved 
physical modeling of confluences has similarly shown that 
laboratory boundary conditions can shape how well results 
transfer to field settings [45]. Those studies point to the next 
step for the present model: external validation should come 
from new independent runs, not from treating additional 
points within an existing bed survey as independent 
evidence. Until such runs exist, LOOCV provides a 
transparent internal stress test rather than proof of field 
generality. 

3.4 Nondimensional interpretation 

The particle-densimetric formulation was 
dₛ/d=−17.873+6.899Frₚ. On the normalized response scale, R² 
reached 0.984, and Figure 4 shows a nearly linear increase of 
dₛ/d with Frₚ over the observed range of 3.326–10.401. 
However, back-transforming predictions to centimetres 
reduced the fitted R² to 0.913, with RMSE=0.293 cm and 
MAE=0.258 cm. Under LOOCV, the back-transformed model 
produced R²=0.850 and RMSE=0.385 cm. That RMSE is only 
0.009 cm lower than the additive Q–d model, a difference 
smaller than the practical uncertainty associated with the 
source records and bed measurements. 

 

Figure 4.  Normalized maximum scour (dₛ/d) as a function of particle 
densimetric Froude number, with fitted relation 
dₛ/d=−17.873+6.899Frₚ.  
Source: experimental data and model results. 

 

The distinction between ratio-scale and dimensional 
performance is essential. Grain size appears in the 
denominator of dₛ/d and also enters Frₚ, so part of their 
strong association arises from shared mathematical 
structure. Dimensionless variables remain valuable because 
they can reveal physically meaningful combinations of 

forcing and resistance, and recent work advocates physics-
informed dimensional reduction before high-flexibility 
modeling [29]. Yet a larger R² on a transformed scale is not, 
by itself, evidence of superior predictive utility. In this 
dataset, the fair comparison is the centimetre-scale cross-
validated error, for which the nondimensional and additive 
models are effectively tied. 

The reported Fr transition also deserves a measured 
interpretation. A beam-type sabo-dam study showed that 
changes in geometry and slope can shift Froude conditions 
while altering sediment-retention performance [34]. 
Reinforced porous deflectors have likewise been shown to 
reduce local velocity around bridge piers [25]. Those 
configurations contain deliberate flow-control structures, 
whereas the present bed does not. Their relevance lies in 
demonstrating how sensitive sediment response can be to 
changes in hydraulic regime; they should not be used to 
transfer a local-scour equation into the current 
unobstructed setting. 

3.5 Physical meaning, practical scope, and 
limitations 

Taken together, the results support a simple physical 
reading. Higher discharge increased the energetic capacity 
of the flow, and finer sediment reduced the resistance of the 
bed, so both manipulations moved the system toward 
deeper and more spatially extensive degradation. The 
progression from a deposition-dominated grid to 100% 
negative bed change is particularly important because it 
links the modeled maximum to the broader morphology. The 
same forcing–resistance logic is visible across other mobile-
bed settings: downstream sediment deficits can intensify 
channel erosion [1], high-magnitude events can expand 
incision across a channel network [2], and bed roughness 
can evolve with sediment transport and surface organization 
[11]. The present experiment isolates that logic in a small 
controlled matrix. 

At the same time, bulk velocity is not an independent 
causal variable here; it changes with the imposed discharge, 
the evolving bed, and the hydraulic state. This distinction is 
illustrated by experiments in which an added hydraulic 
resistance element changes velocity and sediment-related 
behavior. Akmal et al., working in the Krueng Aceh River and 
laboratory systems, showed that water-hyacinth structures 
substantially reduced velocity and increased hydraulic 
residence time [46]. Nurizkitha et al. similarly found that a 
porous deflector reduced velocity near a bridge-pier setting 
[25]. These studies concern different mechanisms, but they 
reinforce a general point: velocity is a system response to 
boundary conditions and resistance. For the present 
factorial experiment, Q and d remain the more defensible 
primary predictors because they were specified as treatment 
variables. 

The model should therefore be used only within its 
calibration envelope: a 9 m laboratory flume, a 1,440 s run 
duration, Q=0.0026–0.0045 m³ s⁻¹, and d=0.85–2.36 mm. It is 
not appropriate for bridge-foundation design, culvert 
protection, field-scale river prediction, or extrapolation to 
substantially different sediment gradations. Structure-
specific studies repeatedly show that local scour depends on 
geometry and the local flow field [19,21]. The value of the 
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current equation is instead as an interpolation rule and as a 
quantitative baseline for a second-generation experiment. 

A further implication of the spatial record is that 
maximum scour and the scoured-point percentage carry 
different information and should not be substituted for one 
another. Two conditions can have similar maxima yet differ 
in how much of the measured bed has degraded. In this 
experiment, for example, a 2.9 cm maximum occurs under 
more than one treatment combination, but the surrounding 
distribution of negative values is not identical. This matters 
for engineering interpretation because a local extreme is 
relevant to clearance or embedment, whereas widespread 
degradation changes the hydraulic boundary over a larger 
part of the reach. The present study therefore retains the 
maximum as the response used in the compact model while 
using the full observation grid to judge whether that 
response is representative of a broader morphological state. 
The approach also avoids the opposite error of averaging 
away the deepest location, which would understate the local 
bed response. 

That second experiment should prioritize true 
replication and richer hydraulic measurements. 
Independent repeat runs at selected low, intermediate, and 
high forcing states would provide an estimate of run-to-run 
variance, permitting a defensible test for curvature or Q×d 
interaction. Repeated laser, photogrammetric, structured-
light, or acoustic bed surveys could replace reliance on a 
single end-of-run surface and support scour volume, 
bedform migration, and spatial autocorrelation analyses. 
Modern acoustic Doppler approaches can resolve river 
hydromorphodynamics at much higher temporal and spatial 
density [36], while open-channel sediment experiments and 
numerical models show that non-uniform gradation and 
three-dimensional transport structure can materially affect 
morphology [17,43]. 

The cross-validation results define a practical 
uncertainty scale for future testing. An RMSE of about 0.39 
cm means that new flume observations within the same 
treatment envelope should not be expected to fall exactly on 
the fitted plane. A confirmatory experiment should therefore 
be designed to detect differences larger than this internal 
prediction error and should include repeated runs to 
separate model miss from run-to-run variability. This would 
also permit a more defensible assessment of whether the 
apparently stronger relative grain-size effect at low 
discharge reflects a real interaction or simply the arithmetic 
consequence of a small baseline scour value. In that sense, 
the present model is most useful as a quantitative 
experimental hypothesis: it specifies expected response 
direction, approximate effect size, and a cross-validated 
error against which a new dataset can be compared. 

Near-bed turbulence and boundary shear should also be 
measured directly rather than inferred from an uncertain 
calculation chain. Numerical analysis confirms the central 
role of bed shear in rectangular open-channel flow [32], 
while mobile-dune experiments connect coherent turbulent 
events to entrainment and scour development [14]. A verified 
hierarchy could then compare the operational Q–d model 
with models based on shear velocity, Shields-type 
parameters, Frₚ, or measured turbulence metrics. Such a 
hierarchy would answer a more useful question than 
whether one regression has the highest fitted R²: which 

added measurements materially improve out-of-sample 
prediction? 

The source-data audit is the main limitation on the 
present numerical coefficients. Two pairs of 140-value bed 
tables are exact duplicates despite representing different 
treatment combinations, and several narrative maxima differ 
from the extrema in the corresponding tables. The largest 
discrepancy is 0.5 cm in the high-discharge/fine-bed 
condition, greater than the in-sample RMSE and comparable 
with the cross-validated error. The model therefore uses the 
table values consistently rather than mixing narrative and 
tabular sources. If original laboratory records establish 
corrected arrays or maxima, the coefficients and validation 
statistics should be recalculated. This limitation does not 
erase the monotonic treatment pattern, but it prevents the 
equation from being presented as a final design law. 

Other limitations are structural to the experiment. There 
are only nine independent treatment conditions, bed 
topography is available only at 1,440 s, and the sediment is 
represented by nominal diameter rather than complete 
gradation, packing, or armoring descriptors. Open-channel 
studies show that grain-size distribution can alter transport 
organization [7] and that sediment composition changes 
suspension and erosion dynamics [8,9]. Consequently, the 
current results establish a stable directional relationship 
inside a controlled laboratory domain, not a universal 
entrainment threshold. Their strongest use is to define 
testable expectations for replicated experiments: increasing 
discharge should deepen and broaden degradation, while 
increasing grain size should suppress it, with the largest 
relative sensitivity expected near the low-forcing edge of the 
matrix. 

4. Conclusion 

Maximum bed scour in the unobstructed mobile-bed flume 
increased systematically with discharge and decreased with 
nominal grain size. Across the nine treatment combinations, 
maximum scour ranged from 0.8 to 4.5 cm, while the 
proportion of observation points with negative bed change 
increased from 19.3% to 100%. The spatial record therefore 
shows that increasing forcing was accompanied by a 
transition from mixed deposition and erosion to widespread 
degradation, not merely by a deeper isolated point. 

The additive relation dₛ(cm)=1.272+0.883Q*−1.037d* 
provided the most useful balance of simplicity and 
predictive stability. It explained 93.5% of fitted variance and 
retained R²=0.843 with RMSE=0.394 cm under leave-one-
condition-out cross-validation. Standardized coefficients of 
+0.691 for discharge and −0.676 for grain size indicate nearly 
balanced effects in opposite directions over the tested 
ranges. The power-law alternative was less stable. The Frₚ-
based model produced a very high normalized-scale fit, but 
after back-transformation its cross-validated error differed 
from the additive model by only 0.009 cm. 

The resulting equation should be treated as an 
interpolation model for the tested flume conditions rather 
than a universal scour formula. Its principal contribution is 
the simultaneous quantification of discharge and grain-size 
effects, linked to the spatial expansion of bed degradation 
and evaluated with condition-wise cross-validation. 
Independent replication, full grain-size characterization, 
time-resolved bed surveys, and direct measurements of 
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near-bed turbulence and shear are required before the 
model can be generalized. The documented inconsistencies 
among some source tables and narrative maxima also mean 
that the coefficients should be recalculated if corrected 
laboratory records become available. 
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